3 2 7 a r t I C l e S Disturbances in neuronal connectivity, particularly in glutamatergic synaptic connections, underlie schizophrenia and associated disorders [1] [2] [3] . Neuropathological studies with autopsied brains from individuals with schizophrenia have reported reduced numbers of dendritic spines 4, 5 . Morphological changes of the dendritic spine are directly correlated with its functional deficits 6, 7 . Indeed, in the brains of individuals with schizophrenia, alterations of the levels of glutamate and its metabolite N-acetylaspartate are detected by magnetic resonance spectroscopy 8 . Furthermore, some studies have suggested that there is a reduction in glutamate receptor binding in the prefrontal cortex of individuals with schizophrenia using a selective tracer for the NMDA receptor, [ 123 I] CNS-1261, in single-photon emission tomography 9 . Consistent with these findings, molecular profiling studies on postmortem brain from individuals with schizophrenia have found decreased expression of important synaptic molecules 10 , including Kal-7 and Rho-family small G-proteins 11 , which are important for spine structural and functional plasticity 12, 13 . This notion has been reinforced by the recent discovery of genetic susceptibility factors for schizophrenia that are enriched in the dendritic spine, including ErbB4, RGS4 and CAPON 14, 15 , some of which reportedly interact with postsynaptic density 95 (PSD-95), a major structural protein of the postsynaptic density of the glutamate synapse 16, 17 .
a r t I C l e S Application of DISC1 RNAi resulted in a decrease of DISC1 in postsynaptic spines (Supplementary Fig. 3 ), resulting in an increase in the size and number of spine-like structures 2 d after DISC1 RNAi application ( Fig. 1a and Supplementary Fig. 4 ). These spine-like structures likely formed functional synapses, as indicated by increases in the surface expression of the AMPA-type glutamate receptor GluR1 ( Fig. 1b and Supplementary Fig. 5 ), a mechanism of synaptic potentiation 26 . Increased frequency of miniature excitatory postsynaptic currents (mEPSCs) in neurons with DISC1 knockdown was observed electrophysiologically (Fig. 1c) . To rule out the possibility of offtarget effects of RNAi, we carried out quantitative real-time PCR for 2′,5′-oligoadenylate synthetase (OAS1). We found no induction of OAS1 with control or DISC1 RNAi (Supplementary Fig. 2 ). These data indicate a regulatory role for DISC1 in spines.
DISC1 interacts with many proteins, including several synaptic proteins 21, 22 . Among the synaptic proteins identified as putative DISC1 partners by yeast two-hybrid screenings, Kal-7, a GDP/GTP exchange factor (GEF) for Rac1, is well known as a regulator of spine morphology and plasticity in association with neuronal activity 27 . Indeed, recent studies have shown that Kal-7 is required for proper spine formation 28, 29 . As with other proteins associated with schizophrenia, Kal-7 interacts with PSD-95 (ref. 27 ). Thus, we hypothesized that DISC1 might regulate Kal-7 in conjunction with PSD-95. Interaction of Kal-7 and PSD-95 with DISC1 was confirmed by coimmunoprecipitation from primary cortical neurons and rat brains, particularly in the synaptosome (Fig. 2a) . In contrast, DISC1 did not interact with other GEFs 30, 31 , such as Tiam-1 and βPIX (Fig. 2a) .
To ascertain the domain of DISC1 that is critical for binding Kal-7, we first examined a variety of deletion constructs of DISC1. We found that deletion of amino acids 350-394 of DISC1 (DISC1-∆Kal-7) abolished DISC1/ Kal-7 binding (Supplementary Fig. 6 ). This is consistent with yeast two-hybrid screening in which N-terminal DISC1 (amino acids 1-382) interacted with a fragment of Kal-7 ( Supplementary Fig. 6 ). The binding domain(s) of DISC1 for Kal-7 were further validated by peptide array analysis, which relies on direct protein-peptide interactions 32 .
We probed a scanning library of 25-mer peptides, each displaced in sequence by five amino acids and reflecting the entire sequence of DISC1, with a purified recombinant Kal-7 fragment (amino acids 588-1,137) that corresponded to the domain for DISC1 binding that was identified by co-immunoprecipitation with various Kal-7 deletion mutants (Supplementary Fig. 6 ). Peptides that contained amino acids 376-405 of DISC1 showed the strongest interaction signal with recombinant Kal-7, consistent with the data from deletion mutants and the notion that DISC1 interacts directly with Kal-7 ( Supplementary Fig. 6 ). The Kal-7-binding domain on DISC1 (amino acids 350-394) is distinct from that required for interaction with cAMP phosphodiesterase-4 (PDE4) or the kinesin superfamily member (Supplementary Fig. 6 ).
Overexpression of DISC1-FL decreased spine size in neurons 2 d after transfection, whereas overexpression of DISC1-∆Kal-7 did not ( Fig. 2b and Supplementary Fig. 7 ). This result is consistent with the increased spine size that we observed on knockdown of DISC1 (Fig. 1a) . Moreover, the DISC1 RNAi-induced spine enlargement and increase in mEPSC frequency were completely normalized by the overexpression of DISC1-FL R (equivalent to DISC1-FL at the amino acid level but with three nucleotide mutations) but not by that of DISC1-∆Kal-7 R (Fig. 2c,d) . Knockdown of DISC1 did not, however, affect the localization of Kal-7 in the spines (Supplementary Fig. 8 ). 
a r t I C l e S
These results support the notion that DISC1/Kal-7 protein interaction in the spine is crucial for regulating its morphology.
Influence of NMDAR on DISC1/Kal-7/PSD-95/Rac1 signaling We next addressed the molecular mechanism by which DISC1 affects Kal-7 activity and, subsequently, spine morphology. Because Kal-7 binds to PSD-95 (ref. 27 ), we asked whether DISC1 might influence the interaction of these two proteins. In primary neurons, overexpression of DISC1-FL markedly increased the binding between Kal-7 and PSD-95, whereas overexpression of DISC1-∆Kal-7 did not (Fig. 3a) . In contrast, knockdown of DISC1 reduced the Kal-7/PSD-95 interaction in primary cortical neuron cultures ( Fig. 3b and Supplementary Fig. 9 ). These results suggest that DISC1 functions as a molecular signaling scaffold that augments the Kal-7-PSD-95 interaction.
The signaling of Kal-7 to Rac1 is coupled with neuronal activity via the NMDA receptor 27 . We therefore examined how neuronal activity might modulate protein interactions among Kal-7, PSD-95 and DISC1 by using electroconvulsive treatment (ECT), which elicits neuronal activation in vivo 36 . We observed significant decreases in protein interactions between Kal-7 and PSD-95, Kal-7 and DISC1, and DISC1 and PSD-95 in brain homogenates after ECT (P = 0.013, P = 0.049 and P = 0.04, respectively; Fig.4a and Supplementary Fig. 9 ). To confirm that these changes were the results of neuronal activation via the NMDA receptor in primary neurons, we used an established protocol in which withdrawal of amino-5-phosphonovaleric acid (AP5), a potent inhibitor of the NMDA receptor, is used to activate the receptor 27 . Dissociation of the DISC1-Kal-7-PSD-95 complex was observed on AP5 withdrawal, suggesting that the altered protein-protein interactions were dependent on activation of the NMDA receptor ( Fig. 4b and Supplementary Fig. 9 ). Activation of Rac1 was also observed on AP5 withdrawal (Fig. 4b) . These findings suggest that Kal-7 is released from DISC1 in an activity-dependent manner in which the resultant free Kal-7 might activate Rac1 and thereby modulate spine structure.
To validate this notion, we assessed whether Rac1 activation could be influenced by DISC1. Activation of Rac1, as determined by the level of GTP-bound Rac1, was significantly reduced by transfection of DISC1-FL (P = 0.03), but not DISC1-∆Kal-7, in primary neurons (Fig. 5a) . Accordingly, DISC1 knockdown led to Rac1 activation, as detected by increased GTP-bound Rac1 and phosphorylation of p21-activated kinase (Pak1; Fig. 5a ). Furthermore, we observed a decrease in Rac1-Kal-7 binding when DISC1-FL was overexpressed (Fig. 5b) . This protein interaction was not changed when DISC1-∆Kal-7 was expressed in neurons. These results are consistent with the notion that DISC1 blocks Rac1 activation by inhibiting access of Kal-7 to Rac1. Stoichiometric analyses with recombinant Figs. 10 and 11) . This observation is consistent with the nature of these proteins to be prone to oligomerize 37, 38 . Consistent with previous reports 39 , we found that Kal-7 selectively activated Rac1, but not Cdc42 and RhoA (Supplementary Fig. 12 ). The presence of a functional DISC1-Kal-7-Rac1 signalosome is also supported by our finding that DISC1 RNAi-induced spine enlargement was abolished by co-transfection with either Kal-7 RNAi (data not shown) or a dominant-negative Rac1 construct (Rac1-DN) ( Fig. 5c and Supplementary Fig. 13 ). Together, these data suggest that Kal-7 is anchored to PSD-95 via DISC1 and that this complex is modulated dynamically by neuronal activation, which acts to regulate Rac1-mediated spine morphology.
Long-term effects of DISC1 on dendritic spines
Although activation of Rac1 initially leads to rapid spine growth, prolonged activation of Rac1 results in spine shrinkage in brains 40, 41 . We examined this paradoxical action of Rac1 on spine morphology in our neuron cultures by introducing a constitutively active Rac1 (Rac1-CA) construct. We observed transient overgrowth of spines in neurons expressing Rac1-CA 1 d after transfection, as compared with neurons expressing either wild-type Rac1 or Rac1-DN. In contrast, the spine size in neurons with Rac1-CA 6 d after transfection was smaller than those in neurons expressing wild-type Rac1 or Rac1-DN (Fig. 6a) . This result is consistent with the notion that, although Rac1 activation is crucial for rapid spine growth, its continuous activation leads to deleterious effects on spines. As DISC1 may control access of Kal-7 to Rac1, we asked whether modulation of DISC1 results in similar time-dependent effects on spines. Knockdown of DISC1 might be expected to increase continuous access of Kal-7 to Rac1, leading to a condition similar to that seen when Rac1-CA was introduced, whereas overexpression of DISC1 might be expected to decrease access of Kal-7 to Rac1, a condition similar to that resulting from Rac1-DN or Kal-7 knockdown. The knockdown effects of DISC1 RNAi by plasmid vector lasted for at least 6 d (Supplementary Fig. 2 ). As predicted, we observed that the prolonged DISC1 knockdown, which was associated with decreased PSD-95-Kal-7 binding and increased Rac1 activity (Supplementary Fig. 14) , markedly reduced spine size in primary cortical neurons (Fig. 6b,c) . Overexpression of DISC1 also resulted in reduced spine size 6 d after transfection (Fig. 6b) . These small spines induced by continuous knockdown of DISC1 had decreased surface expression of GluR1 and reduced frequency of mEPSCs, suggesting that structural shrinkage of spines was accompanied by a functional alteration (Fig. 6d) .
Spine deterioration by prolonged DISC1 suppression was significantly rescuedby overexpression of DISC1-FL R (P = 0.018) but not by DISC1-∆Kal-7 R (Fig. 6e,f) . To test the long-term effects of DISC1 suppression in brain circuitry, we first used organotypic cortical cultures. Introduction of lentivirus-based shRNA to DISC1 for 7 d resulted in smaller spines in pyramidal neurons of cortical organotypic cultures (Fig. 7a and Supplementary Fig. 15) . Furthermore, robust shrinkage of synaptic spine was observed when shRNA to DISC1 was stereotaxically introduced into the medial prefrontal cortex of juvenile rats (Fig. 7b) . Rac1-DN relative to mock a r t I C l e S
DISCUSSION
Our results provide functional and structural insight into the role of DISC1 in dendritic spines, where DISC1 regulates Rac1 activation by confining access of Kal-7 to Rac1 (Supplementary Fig. 16 ). Although the Kal-7/Rac1 cascade is known to be an important determinant of neuronal activitydependent spine morphological and functional plasticity 27 , the mechanism underlying its regulation is not clear. Our suggest that the 'schizophrenia-related' protein DISC1 is important for mediating proper synaptic maintenance associated with neuronal activity by being closely coupled with the activation of the NMDA receptor and limiting the access of Kal-7 to Rac1 in the PSD scaffold.
DISC1 potentially binds with proteins other than Kal-7 in the synaptic spines, such as PDE4B and KIF5 (refs. 21,22,42) (Supplementary  Fig. 6 ). Nonetheless, our data support the notion that spines are regulated by DISC1-Kal-7-Rac1 in association with PSD-95, without direct involvement of the DISC1-PDE4B and DISC1-KIF5 protein cascades. It is possible that other genetic risk factors for schizophrenia that are known to interact with PSD-95, such as CAPON and ErbB4 (ref. 15) , might indirectly modulate this proposed cascade for spine regulation. DISC1 is known to have many isoforms 43 . Our data, particularly the results of the rescue experiments with DISC1-FL R , indicate that the full-length isoform of DISC1 is important in the Kal-7-Rac1 cascade, forming a DISC1-Kal-7-Rac1 signalosome, whose function is spatially restricted and probably focused on outputs governed by the NMDA receptor action.
Schizophrenia is believed to be associated with the disturbance of neuronal connectivity 2, 3 . Many epidemiological studies have indicated that initial and major risks for the disease occur during neurodevelopment, although the onset of the disease occurs in juveniles and young adulthood 44 . Therefore, it is important to address mechanisms that can contribute to the onset of the disorders. Deficits in postnatal synaptic pruning at glutamate a r t I C l e S synapses that occur just before the onset have been hypothesized as a potential mechanism 45 . The expression of full-length DISC1 reaches a peak at postnatal day 35 (ref. 46) , when synaptic pruning is actively taking place 47 . It is therefore possible that disturbances in the DISC1-Kal-7-Rac1 signalosome-mediated synaptic maintenance may contribute to the juvenile onset of the diseases. Recent clinical studies have focused on subjects in the prodromal stages of schizophrenia and are exploring preventive medications that can block the progression of pre-psychotic conditions to full disease onset 48 . Thus, this disease etiology-associated molecular pathway that we propose through the DISC1-Kal-7-Rac1 signalosome may help in the identification of such therapeutic strategies that selectively target subjects with specific genetic risks.
METhODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
Note: Supplementary information is available on the Nature Neuroscience website.
